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In this paper it is presented the vibroacoustic analysis of the selected section of the
hydrocarbon processing chemical plant piping system operating at elevated temperature
and subjected to dynamic load exciting vibration of the structure. The pump suction and
discharge piping system is a part of chemical plant for processing hydrocarbon mixture
at 270 o C. Elevated temperature is one of static loads that inuences the boundary con-
ditions of the piping structure thus generating pump nozzle loadings leading to possible
pump body deection. Deected shape of the pump body results in generation of ow
uctuation, visible and measurable as a pressure pulsation. This kind of uctutation
has been assumed further to be one of the dynamic loading on piping system structure.
The dynamic analysis was performed to quantify the loading eect of pressure pulsation
excited in the pump discharge nozzles on the structure of pipelines and the connected
pump nozzles. The simulation was based on the numerical analysis of the excitation
by acoustic waves propagation in subjected piping system. Measured on{site pressure
pulsation at pumps nozzles has been identied and assumed to be the source of the
acoustic waves. In the simulation elastic features of the piping structure as well as the
uid, and pressure loses in pipes, taken into account. Final result of the acoustic part of
the simulation was spectral characteristics of the acoustic shock forces, dened further
as harmonic loads for the dynamic structural analysis. To observe an inuence of the
acoustic excitation on the piping there was performed structural analysis of the piping
system and the combined results of static and dynamic loading inuence determined.
This part of the analysis has been perfomed by means of FEM computer software Bent-
ley AutoPIPE as well as some use of ANSYS FEM program. Important step in this
simulation there was the theoretical modal analysis. This analysis allows to predict pos-
sible vibroacoustic resonance in the structural system under specic conditions of the
coincidence between acoustic excitation and modals. The results of the combined static
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and dynamic loadings analysis contain the information on the node displacements, inter-
nal forces, resulting stresses in the pipe walls and loads on the pump nozzles and piping
supports.
Keywords: vibroacoustic analysis, pressure pulsation, plant piping system.
1. Introduction
Pipings systems are basic components of the media transportation systems in the
process industrial plants. As mechanical structures they are subjected to a variety of
static and dynamic loads, which sources include the self-weight, the internal media
pressure and the elevated temperature of the piping wall, also seismic, wind and
other environmental loadings. An important role in process piping systems play
loads derived from dynamic phenomena in the uid media. Depending on many
factors they may or may not inuence signicantly the operation of piping plants.
In this group of loads it is important to predict these responsible for resonant
vibration excitating and undertake eorts to protect the piping system against
them. Depending on the structure complexity and its operating conditions, it may
be dicult task.
The structural analysis procedures of industrial piping systems are formalized to
some extent, strictly dening numerous requirements and technical parameters.
An example of such formalization is the European Standard EN 13480-3 "Metallic
Industrial Piping { Part 3: Design & calculation" [2]. This standard allows designers
involved in the design and analysis, construction and operation of the installation
capabilities of dening the list of loadings that are included in the formal stress
analysis of the system. This leads to situations that piping systems are put into
service after being only partially veried in the static stress analysis. As a rule,
from which one may encounter occasional exceptions, is skipping the impact of any
dynamic loads in the system structural analysis.
The dynamic loads threaten especially the piping systems structure due to the
slenderness of the linear structural elements (pipes) equipped with the concentrated
masses distributed on the system (valves, equipment etc.). These structures tend
to vibrate in operating conditions at frequencies much below 500Hz, what is in
accordance to the usually occuring in plants excitation frequencies. The excitating
frequencies depend on the type of equipment and several other factors. For ow
pulsation excitating sources e.g. reciprocating compressor they may start from
10Hz, while for rotating pumps it is much higher, as this is usually no less than
blade passing frequency if no other source is located in the system. Further in this
paper pressure pulsation is subjected to the eld measurement, although it is worth
to mention that it can be exchanged into ow pulsation, as these two parameters
must change in parallel due to physical laws governing the uid ow phenomena.
For the eective application of dynamic analysis it is necessary to perform the the-
oretical modal analysis rst. This is necessary for application of the methodology
adopted for the structure nodes displacement, internal forces and moments cal-
culation, but also very usefull for estimation the possible correlation of structure
modes and acoustic modes. Theoretical modal analysis of the structure allows to
identify the tendency of mechanical oscilation and the solution of it is used in the
quantitative dynamic response analysis under dened acoustic loading.
In the case of simulations described in this article, e.g. the ow / pressure pulsation
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it is assumed the 100% lling the interior space of pipelines and there are other
assumptions typical for one{dimensional acoustic analysis described in [1].
The phenomena is the subjected system may occur in wide variety of gas and liquid
piping systems, not limiting the considerations to the hydrocarbon plants. Therefor
conclusions may be applied to e.g. power piping systems as well as gas plants piping
systems.
2. The hydrocarbon plant piping system subjected to analysis
The subject of the research simulation and analysis is the mixture of liquid hydro-
carbon plant piping system. The core of this system are three centrifugal pumps,
that operate either as a single or double pumping system, depending on current
process requirement.
Figure 1 The overall view of the piping system under consideration. AutoPIPE model
During normal operation, two pumps are on, and the third is the hot spare. It is
also possible the start-up scenario: a single pump is operating. In the Fig. 2 there
is visible a layout of suction pipelines of process pumps, Fig. 3 shows discharge.
There was signicant vibration of the piping system in the start-up phase, still
present at the operating conditions, however only at certain rotating speed and
certain operating congurations of the system, described in details in [5]. The
vibration parameters were subject of the on-site research and registered. Sample of
it is presented below, see Fig. 4.
In the system there have been installed three single-stage centrifugal pumps,
equipped with six blades impeller of double suction layout. The synchronous fre-
quency of rotation of these pumps engine is 1500 RPM. Flow system channels of
pump consists of the centrifugal impeller, the inlet volute casing and the double
outlet volute casing.
608 B laszczyk, A., Papierski, A., Rydlewicz, M. and Susik, M.
Figure 2 The view of suction pipes modeled in AutoPIPE
Figure 3 The view of discharge piping system model in AutoPIPE
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Figure 4 Sample on-site measurement recordings { pumps B & C operate at nominal speed
Figure 5 Meridional cross{section of the process pump
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Figure 6 Finite Element Model of process pump
Table 1 The FEM calculated process pump nozzles stiness
Pump Nozzle stiness Thermal dis-
placement
(22C - 272C)
Fx=x Fz=z Fy=y Mx=x Mz=z My=y y z x
N/mm N/mm N/mm Nm/1 Nm/1 Nm/1 mm mm mm
Suction
nozzle
98
887
299
279
1 892
149
1 541
669
289
442
1 544
873
3,86 -
1,52
0
Discharge
nozzle
74
811
189
241
1 742
274
579
934
155
973
414
507
3,86 1.48 0
The rotating assembly of the pump has bearings:
1. on the opposite drive side, two angular, single{row ball bearings,
2. on the drive side, barrel bearing.
In the Fig. 5 there is shown the meridional cross-section of the pump with marked
basic elements.
a { Discharge nozzle,
b { impeller,
c { shaft,
d { inlet volute casing,
e { double outlet volute casing.
Due to the fact that it was necessary to identify accurate physical data of the
structural elements for the purposes of the dynamic analysis, there was necessary
to build a model of the pump body and determine its stiness, that is one of
important boundary conditions for vibration analysis. It is usually not being under
consideration neither for static, nor for dynamic industrial code-compliance analysis
based on Code requirements. Later on it was conrmed that these values have
signicant impact on the modal analysis results.
In order to determine the stiness of pump casing nozzles, there have been carried
out the numerical computation of displacements and angles for both nozzles. The
computations were performed for admissible loads given by the pump manufacturer.
Computed values of stiness are shown in the Tab. 1. These values are introduced
in the coordinate system consistent with the standard ISO 13709 (API 610) [2].
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3. The uid{structure dynamic interaction and vibration excitation
sources identication
One of possible reasons of piping structure vibration was assumed the piping{
structure mechanical interaction. In this assumption the non-uniform static pres-
sure layout and periodic changes along piplines results in dynamic forces acting on
piping structure. The source of the pressure pulsation has been identied in the
on{site measurement process.
Measurements were done by the use of fast changing pressure probes, resistant
to elevated temperatures. These probes were assembled directly to the pipeline
at the suction and discharge of the pump. Collecting the data was carried out
continuously, and the gures show only a few seconds sample form the measurement
process. Sampling frequency was 2 kHz. Measurement card had the anti{aliasing
lter installed, set to 500 Hz.
pt,ps
[kPa]
3000
2500
2000
1500
1000
500
0
0 1 2 3 4 5 6 7 8 9 10 11
t[s]
Figure 7 Suction pressure (blue line) and discharge pressure (red line) of process pump measured
at pump start{up
The following Fig. 8 contains charts of the static pressure time history at suction
and discharge nozzle as well as the spectral characteristics of the static pressure.
4. The combined acoustic { structural analysis
The combined analysis of the subjected piping system is compsed of several parts,
described in [1]:
1. Modal analysis of the structural model of plant piping system;
2. Acoustic analysis i.e. pressure pulsation simulation in the piping system. The
goal of this simulation is to dene the uid-structure dynamic loading acting
on piping structure;
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Suction nozzle Discharge nozzle
Figure 8 Static pressure at suction nozzle (left) and discharge nozzle (right) measured for pump
A in operating conditions. Upper row: time history, lower: spectrum of the pressure signal
3. Structural analysis of the subjected piping system under dynamic loading
dened in the acoustic analysis. In this analysis it is also possible to verify
the combined static and dynamic eects on the piping structure.
5. Modal analysis of the piping structure of the plant
To complete the identication of vibration sources and conrm the possible uid{
structure interaction there were two analyses necessary, followed by correlation stud-
ies. The rst one was the theoretical modal analysis.
Modal analysis is commonly applied in practice by the use of technique of dynamic
characteristics examination technique for mechanical objects. The theoretical modal
analysis applied for linear elastic model of the piping structure allows to predict free-
vibration frequencies of the subjected structure and assigned shapes of combined
harmonic motion. It also allows to predict the behavior of the structure as a result
of any imbalance caused e.g. by external loading. This kind of analysis is used for
the purpose of modifying the structure, structural health diagnosis, active vibration
reduction and for the purposes of verication and validation of numerical models
such as nite element or boundary elements method.
The natural vibration frequencies and shapes of the subjected system were deter-
mined, and the accuracy resulting from an adopted computational linear model
conrmed in on-site tests and measurements. To increase accuracy of the numerical
model there have been used the results of vibration measurements at supports.
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Figure 9 Measuring position of vibrations at discharge pipelines
Figure 10 Measuring position of vibrations at suction pipelines
The subset of nal results of the theoretical modal analysis of the model after modi-
cations of the structural piping model are presented in Tab. 2. It was intentionally
limited to the frequencies close to the excitation frequency 149.2 Hz shown in the
bottom{right chart on the Figure 8, above.
Table 2
Variant of pumps
operation
Free vibration frequency
Pump A Pump B Pump C
running running standby 144.98, 146.95, 148.02, 150.65, 153.25, 155.00
running standby running 145.14, 146.49, 150.73, 152.56, 154.95, 155.00
standby running running 145.24, 146.67, 147.95, 148.67, 150.80, 152.56, 154.96
For computations there have been adopted the following pipelines temperatures:
1. 272oC { pipelines temperature, which hold a owing agent,
2. 150oC { pipelines temperature with a pump standby,
3. 5oC { pipelines temperature which do not hold a owing agent.
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Figure 11 Free vibrations shape of discharge pipelines. Pumps A and B running and pump C
standby
It is important to emphasize the fact that inclusion of the calculated stiness of
process pumps nozzles, increased the accuracy and allowed to precisely identify
shapes and frequencies of natural vibrations of pipeline systems.
In most piping systems pressure pulsation does not cause noticeable and dangerous
eects. It is due to relatively substantial stiness and high attenuation of the actual
structure. This may change substantially when forces from the acoustic phenomena
stimulate construction vibration under resonance conditions. For this reason, modal
analysis is an essential part of the study in terms of sound using their results to the
analysis of the vibration risk.
6. Acoustic analysis goals and rules
The aim of the acoustic simulation and further structural analysis is to conrm
or reject the thesis of the possible origin of the source of pulsation and resultant
vibration of excited piping system. If this analysis allowed the qualitative and/or
quantitative analysis of this kind of load it would be possible to identify and apply
eective methods of pulsation prevention and damping, hence minimize the causes
and results of vibration.
For the subjected piping system has been made the numerical simulation of
acoustic wave propagation in the pipeline using a pressure pulsation source. This
theoretical pulsation force has been dened according to result from the eld mea-
surements. The simulation takes into account the elastic parameters of the uid
and the walls of the pipe as well as ow frictional losses.
The result of the above simulation are spectral characteristics of acoustic shock
forces (dynamic forces used later on in dynamic structural analysis) for specic, se-
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lected rotating speed of pumps. These forces act along the piping elements between
consecutive bends axially, so under stationary operating conditions stimulate the
vibration of the system. Actual systems attenuate vibrations, so no visible results
are encountered. However there is number of piping systems where resonant con-
ditions occur, vibration may rise to noticeable and even dangerous level. Having
the spectral characteristics of these forces it is possible to perform the dynamic
analysis of structures in AutoPIPE and thus obtain information on the nodal dis-
placements, forces, moments and ultimately determine the stresses in the walls of
the pipes. Obtaining these values allows the code assessment of actual object as
well as to identify problems and restore the proper functioning of the system.
The qualitative and quantitative verication of the simulation should be done as
a series of on{site measurements of vibration parameters in key point of the piping
system. These parameters are then compared to their predicted values of vibration
amplitude and frequency.
As a result of preliminary studies and on-site measurements, it was assumed that
the source of pressure pulsation is the ow uctuation caused by internal geometry
of pump channels near the discharge nozzle.
There was taken into account in further research, that several physical parameters
of the uid may aect signicantly simulation results. Thus the key parameters
uctuation sensitivity analysis has been also done. Further in these paper it is
presented result of such analysis for uid density and bulk modulus change. This is
very important as they change signicantly with temperature changes, thus aect
acoustic simulation.
7. Acoustic analysis description
From the large number of models there were several selected as the most represen-
tative for the analysis:
Figure 12 Model #1 labeled A p B p C g 272 5: discharge piping system for dened for acoustic
analysis in operating case with pumps A & B on and the pump C shut-o valve closed. On piping
end 163 is the blind ange, ends 135 and 168 connected to anechoic, long piping system
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Figure 13Model #2 labelled A p B g C p 272 5: discharge piping system for dened for acoustic
analysis in operating case with pumps A & C on and the pump B shut-o valve closed. On piping
end 163 is the blind ange, ends 135 and 168 connected to anechoic, long piping system
Figure 14 Model #3 labeled A g B p C p 272 5: discharge piping system for dened for acoustic
analysis in operating case with pumps B & C on and the pump A shut-o valve closed. On piping
end 163 is the blind ange, ends 135 and 168 connected to anechoic, long piping system
The next paragraph of this paper discusses the progress of execution of simulation
and analysis results for Model #1. Other models brought the results allowing for a
detailed analysis of the subjected piping system.
8. Model #1 acoustic analysis
Physical data of the uid are critical parameters of the acoustic analysis. They
signicantly aect the quality of the acoustic wave propagation analysis results.
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1. density = 609 kg/m3
2. dynamic viscosity = 0.1495 cP
3. uid bulk modulus = 1400 MPa
4. Speed of sound in uid = 1516.2 m/s
5. Speed of sound in uid in elastic pipe = 1360 m/s
8.1. Location and characteristics of pulsation sources
The spectral characteristics of the sources of pressure pulsations were determined
based on on-site measurements made. In the case of Model #1 source pulsations are
located in the pump discharge pipe connections A and B. The amplitude{frequency
characteristics of pulse sources dened for acoustic analysis are presented below:
Figure 15 Spectral characteristics source of pressure pulsation on pump nozzle A
8.2. Acoustic analysis results
As a result of the numerical simulation of pressure waves propagation, the following
values of harmonic acoustic shock forces were found. They are assumed to be the
dynamic load for further structural analysis.
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Figure 16 Spectral characteristics source of pressure pulsation on pump nozzle B
Freq. (Hz) Point F (N) Phase
148.0 F00 1139.0 179.4
154.0 F00 962.7 -9.5
148.5 F02 3871.0 178.1
154.0 F02 1772.0 -11.6
150.0 F03 F 12400.0 -179.9
153.5 F04 F 8707.0 175.0
150.0 F05 F 16744.0 0.8
122.5 F10 F 162.0 0.0
153.0 F10 F 8747.0 177.2
122.5 F11 1861.0 -17.9
150.0 F11 5403.0 1.2
122.5 F12 F 3383.0 -17.6
150.0 F12 F 11119.0 -178.0
149.5 G00 847.0 -138.1
150.0 G02 2422.0 -157.9
125.0 G03 F 615.0 -179.0
150.0 G03 F 4237.0 -179.8
146.5 G04 F 1913.0 -8.3
125.0 G05 F 1099.0 0.7
149.0 G05 F 5147.0 -54.2
125.0 G10 F 641.0 -176.0
149.0 G10 F 4191.0 146.7
150.0 H11 F 2273.0 11.8
149.0 H13 F 5149.0 -65.8
122.5 H14 F 1183.0 166.3
154.0 H14 F 624.6 158.4
122.5 H16 F 1346.0 -15.4
149.0 H16 F 7100.0 120.5
122.5 I01 F 1790.0 162.1
150.0 I01 F 5119.0 1.1
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8.3. Structural analysis of the piping system under combined: static
and dynamic loading
The acoustic analysis results have been applied in AutoPIPE structural model as a
loading case H1. For dynamic analysis needs there was also applied modal analysis
up to 1.5 of the largest frequency of the dynamic load, i.e. 240 Hz.
The detailed study of the modal analysis results showed that there are some modal
shapes/frequencies that coincident with the pressure pulsation excitation. It means
that there is the risk of resonant vibration excitation - the example of this is pre-
sented below, see Fig. 17, where for pump A exists the modal at f = 154.9986 Hz
and its shape contains axial movement of pipe segment between consecutive bends.
Figure 17 Modal analysis results: mode shapes f = 154:9986 Hz
Therefore it can be assumed that the pressure pulsations, excited in the internal
channels of the pump is propagated in the form of acoustic waves in pipes. In
certain circumstances of piping geometry this lead to formation of harmonic axial
forces in the straight sections between consecutive bends.
8.4. Loading cases and their combinations
In order to determine the structural response the combined load calculations were
performed. In this process there were determined nodes displacements, internal
forces, moments, including the loads on nozzles and supports. One of load combi-
nations presents all the values for pressure pulsation excitated loading { it is labeled
Harmonicz.1
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In{depth results analysis of resultant stress in pipe wall as well as pump nozzle load,
shows a signicant eect of the dynamic load of pressure excited pulsations on the
piping system structure.
Figure 18 Comparison of stress values at selected nodes of the model. Stress due to load from
pressure pulsations marked red
Figure 19 Comparison of the forces and moments at the points of connection piping to the
pump discharge nozzle. The loading combination Harmonicz.1 contains the load from the pressure
pulsations only
8.5. Sensitivity analysis: inuence of the physical uid characteristics
changes on the acoustic analysis results
In previous chapters there was presented analytical conrmation of the thesis that
the pressure pulsation propagated along the pipins system in certain conditions is
one of signicant loads on the plant structure. The accuracy of the simulations of
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acoustic eect and its quantitative inuence to piping structure, signicantly de-
pends on the assumed physical properties of the uid, ie. density and bulk modulus.
In most of detailed calculations reported herein, the following values of these pa-
rameters were assumed:
1. density  = 609 kg/m3
2. bulk modulus B = 1400 MPa
However, in the set of data accessible from various sources, parameters of exactly
the same media may vary. Density may change between 627 kg/m3 end 873 kg/m3,
depending on various factors, including temperature. This inuences simulation
results signicantly.
Similarly, the value of the bulk modulus may vary from that used in the simulation
calculations, based on the data provided. Literature gives dierent values of this
parameter for petroleum products:
Fluid Bulk Modulus (MPa) Density  (kg/m3)
Crude oil 1500 835
Oil 1100 { 1600 855 - 963
Considering the above, additional numerical simulations were carried out for dier-
ent values of density and bulk modulus. In each simulation however all other data
remained unchanged.
8.6. Model #1; simulation case #1 (basic uid data characteristics; all
simulation cases):
1. density = 609 kg/m3
2. dynamic viscosity = 0.1495 cP
3. uid bulk modulus = 1400 MPa
4. speed of sound in uid = 1516.2 m/s
5. speed of sound in uid in elastic pipe = 1360 m/s
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Sample results of simulation case #1:
8.7. Model #1; simulation case #2:
1. density = 873 kg/m3
2. dynamic viscosity = 0.1495 cP
3. uid bulk modulus = 1100 MPa
4. speed of sound in uid = 1122.2 m/s
5. speed of sound in uid in elastic pipe = 1042 m/s
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Sample results of simulation case #2:
8.8. Model #1, simulation case #3:
1. density = 609 kg/m3
2. dynamic viscosity = 0.1495 cP
3. uid bulk modulus = 1500 MPa
4. speed of sound in uid = 1569.0 m/s
5. speed of sound in uid in elastic pipe = 1422 m/s
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Sample results of simulation case #3:
8.9. The comparative analysis of results for cases #1, #2 & #3
Comparing the simulation results it is clear that it is not possible to clearly conrm
or exclude the risk arising from the pressure pulsations in the plant piping system
under consideration without precise knowledge of the uid data.
Comparing Simulation cases #1 and #3, where uid density has the same value,
while the bulk modulus values vary signicantly, should be noticed that values of the
acoustic shock forces at a frequency of about 150 Hz also vary. The reason is that
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bulk modulus value has signicant impact on sound speed in uid, what impacts
resonance characteristics of the specic piping system. In case #3 the frequency
150Hz is one of resonant frequencies, while for #1 it is not { on the bulk modulus
change the model of system has been retuned as far as acoustic characteristic is
concerned.
As a result should be noticed signicant dierence of loading on the pump nozzle
as well as actual stress in pipe walls, what is an observable factor that has been
encountered in this pump piping system.
9. Summary and conclusions
1. The results of dynamic analyses of the subjected piping system show the
signicanty inuence of the measured pressure pulsation on the loading of
piping structure, including pump nozzles.
2. Calculated values of pressure pulsation and resulting forces applied as the
dynamic load, determined in this sample model at the nominal operating
conditions should be considered as approximate. Actual values may dier,
especially if the design is 'susceptible dynamically' on the specied load type,
ie. there are similar forms of load (axial forces) and modal shapes of construc-
tion. The problem in this specic case, as well as overall complex dynamic
analysis of this type the accuracy of the physical elements, e.g. data of the
uid, where the pressure pulsation is propagated. A particularly important
parameters in this case are bulk modulus of the liquid and its density.
3. Notwithstanding the results of detailed structural analysis, it is recommended
to design the structure so the eects of acoustic resonances in pipelines are
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properly separated from the modal shapes of piping plant construction. It is
recommended detuning the piping system system so no fundamental acoustic
frequency is below the pump speed rotational frequency neither close to the
blade passing frequency of the rotor in centrifugal equipment as well as their
harmonics.
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